Analysis of a shear supernatant from flocculent, "fimbriated" Saccharomyces cerevisiae brewer's yeast cells revealed the presence of a protein involved in flocculation of the yeast cells and therefore designated a flocculin. The molecular mass of the flocculin was estimated to be over 300 kDa, as judged from sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Gel permeation chromatography of the flocculin yielded an aggregate with an apparent molecular weight of >2,000. The flocculin was found to be protease sensitive, and the sequence of its 16 N-terminal amino acids revealed at least 69%o identity with the predicted N terminus of the putative protein encoded by the flocculation gene FLO]. The flocculin was isolated from flocculent S. cerevisiae cells, whereas only a low amount of flocculin, if any, could be isolated from nonflocculent cells. The flocculin was found to stimulate the flocculation ability of flocculent yeast cells without displaying lectinlike activity (that is, the ability to agglutinate yeast cells). in the presence of mannose during the assay yielded results like those found for nonflocculent cells (21). It was therefore hypothesized that regulation of flocculation depends on expression of these cell surface characteristics.
Flocculation of yeast cells, that is, the reversible aggregation of cells into flocs (3) , is an important characteristic of fermentation processes such as brewing (19) . The mechanism(s) by which yeast cells flocculate has been studied both biochemically and genetically. On the basis of the observation that flocculation could specifically be inhibited by sugars such as mannose (8, 10, 11, 13) , a lectinlike theory has been proposed for the flocculation process.
Dominant flocculation genes, such as FLOI, FLOS, and FLO8, have been described (for a recent review, see reference 15). These genes have been proposed to encode either structural proteins (lectins) or regulatory proteins involved in flocculation. Recently, the FLOI gene was cloned, and its nucleotide sequence was determined (23, 27) . The putative protein encoded by this flocculation gene was proposed to be located in the cell wall and to be directly involved in flocculation of yeast cells. If this is the case, the protein can be designated a flocculin. Recently, another gene, FLOS, was found to be structurally similar to the FLO1 gene (1) .
Saccharomyces cerevisiae MPY1 and MPY3 are nonconstitutively flocculating brewer's yeast strains. Recent data from our laboratory (13, 20) demonstrated that initiation of the flocculation ability of these strains grown in defined medium or under fermentation conditions in wort, respectively, coincided with cell division arrest and with an increase in cell surface hydrophobicity (CSH). Appearance and loss of induced CSH in a flocculation assay were found to be correlated with appearance and loss, respectively, of fimbrialike structures from the cell surface (21) . The presence of the developmentally regulated hydrophobic component in the whirlmix supernatant was found to be necessary for flocculation in the assay. Fimbrialike structures were found to be absent from nonflocculent cells, such as MPY1 cells harvested at the early logarithmic growth phase or cells grown under Mg2+-limited conditions, and a whirlmix supernatant of such cells appeared to be nonhydrophobic. Interestingly, flocculent cells incubated in the presence of mannose during the assay yielded results like those found for nonflocculent cells (21) . It was therefore hypothesized that regulation of flocculation depends on expression of these cell surface characteristics.
Upon analysis of a whirlmix supernatant containing fimbrialike structures, we isolated and partly characterized a highmolecular-weight protein of flocculent S. cerevisiae brewer's yeast cells. This protein is most probably involved in flocculation of yeast cells (however, without showing lectinlike activity), as can be determined in an agglutination assay. Since the N-terminal sequence of this flocculin appeared to be at least 69% identical to the deduced N-terminal sequence of the FLO1 gene product, we hypothesize that the flocculin is encoded by a flocculation gene homologous to FLO0.
MATERUILS AND METHODS
Yeast strains and culture conditions. Bottom-fermenting S. cerevisiae MPY1 (flocculent) and MPY301 (nonflocculent) were maintained on wort agar slopes. The standard medium has been described by Smit et al. (13) . Mg2"-limited medium contains 6 mg of MgSO4 -6H20, instead of 0.6 g, per liter. Yeast cells were cultivated at 28°C in 100-ml cotton-plugged Erlenmeyer flasks containing 50 ml of standard medium (180 rpm).
Isolation and purification of flocculin. Yeast cells grown in 50 ml of standard medium were harvested in the exponential (nonflocculent MPY1 cells) or stationary (flocculent MPY1 cells; nonflocculent MPY301 cells) growth phase by centrifugation. Cells grown in Mg2+-limited medium were harvested at the stationary growth phase. The cell pellet was washed three times with deionized water and resuspended in 75 ml of 50 mM Na-acetate-0.1% CaCl2 buffer, pH 4.5 (flocculation buffer).
After 30 min of acclimatization at room temperature, the cell suspension was whirlmixed for 20 s with a Vortex Genie apparatus operating at maximum speed, as described for the standard flocculation assay (see below). Subsequently, the suspension was centrifuged at 9,000 x g for 15 (13, 25) . Hydrophobicity of flocculin was tested by determination of its interaction with hexadecane (Sigma, Amsterdam, The Netherlands). One milliliter of flocculin (20 ,ug/ml) was whirlmixed for 20 s with 1 ml of hexadecane. The interaction was determined as the amount of emulsification of the hexadecane in the water phase.
Protein determination. Protein was determined by the bicinchoninic acid protein assay (Pierce, Oud Beijerland, The Netherlands), with bovine serum albumin (Sigma) as the standard.
Protease treatment of yeast cells and flocculin. Yeast cells were harvested by centrifugation at an A620 of 5.0 and resuspended in 10 mM PBS, pH 7.2. Lyophilized flocculin (20 ,ug) was resuspended in 1.0 ml of PBS. In both cases, proteinase K or chymotrypsin (Sigma Chemical Co., St. Louis, Mo.) was added to a final concentration of 1 mg/ml, followed by incubation for 2 h at 28°C. As controls, cells or flocculin was incubated in PBS only. Prior to analysis by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), fractions were dialyzed against deionized water and lyophilized.
Yeast agglutination. Yeast cells were harvested at an A620 of 3.0 and washed with deionized water. The cells were resuspended in PBS to a final A620 of 6.0. The agglutination activity of flocculin or concanavalin A was quantified in a doublingdilution assay starting at a concentration of 100 or 80 ,ug/ml, respectively, with 75 ,ul of yeast cell suspension added to 96-well, U-bottom plates (Greiner, Alphen a/d Rijn, The Netherlands). Titer values represent the maximal dilution of protein at which agglutination is still visible.
SDS-PAGE. SDS-PAGE was performed as described by Lugtenberg et al. (9) , with 10% instead of 11% acrylamide.
The molecular masses of the marker proteins were as follows: myosin, 200 kDa; phosphorylase b, 97 kDa; bovine serum albumin, 69 kDa; ovalbumin, 46 kDa; carbonic anhydrase, 30 kDa; trypsin inhibitor, 22 kDa; and lysozyme, 14 kDa (rainbow protein molecular weight markers; Radiochemical Centre, Amersham, England). For staining of proteins with Coomassie brilliant blue, gels were fixed in 50% methanol-10% acetic acid for 30 min, stained for at least 6 h in Serva R-250 in fixative, and destained with 5% methanol-9% acetic acid. Proteins were silver stained, using the method of Blum et al. (2) .
Sugar analysis. Sugar composition was analyzed according to the method described by Kamerling and Vliegenthart (7) . A 54.8-,ug amount of purified flocculin was dissolved in 500 RI of 30% EtOH. After addition of the internal standard mannitol (100 nmol), the solvent was evaporated by using a stream of N2, and the residue was dried over P205. Methanolysis was performed for 24 h at 85°C, using 0.5 ml of 1.0 M methanolic HCl. After neutralization (carried out by the addition of solid silver carbonate), N-(re)acetylation was performed after the addition of acetic anhydride (25 RI) by keeping the solution at room temperature for 16 h. The silver salts were removed by centrifugation, and the supernatant was evaporated. The residue was dried over P205 and subsequently was trimethylsilylated with a mixture of pyridine-hexamethyldisilizane-chlorotrimethylsilane (5:1:1; 50 ,il) for 30 min at room temperature.
The resulting mixture of trimethylsilylated (N-reacetylated) methylglycosides was analyzed by gas-liquid chromatography, using a Varian 3700 gas chromatograph equipped with a capillary SE30 fused silica column (25 m by 0.32 mm; Pierce) and with flame ionization detection. The oven temperature was programmed to increase from 130 to 220°C at 4°C/min and was subsequently kept isothermally at 220°C for 5 min.
N-terminal sequence analysis. The amino acid sequence of the purified flocculin was determined by Edman (phenylisothiocyanate) degradation (4, 6) . The equipment used to perform degradations, an Applied Biosystems model 477 A pulseliquid sequenator (5), was connected on-line to a reversedphase high-performance liquid chromatography unit (model 120A; Applied Biosystems). Prior to sequence analysis, the sample (14.4 jig) was centrifuged on a polyvinylidene difluoride membrane to remove free amino acids. The analysis was performed by Eurosequence BV (Groningen, The Netherlands).
Amino acid composition. High-sensitivity amino acid analysis of protein hydrolysates was performed with an HP 1090 Aminoquant apparatus (12) , using an automatic two-step precolumn with o-phthalaldehyde and g-fluorenylmethylchloroformate (Eurosequence BV). It should be noted that during the procedure tryptophan was destroyed and asparagine and glutamine were deamidated to aspartic acid and glutamic acid, respectively.
Electron microscopy. Mica replicas were prepared as previously described by Straver et al. (21) structures. The supernatant did not show lectinlike activity. In the present study, this supernatant fluid was used for purification of the factor that enabled flocculation. We will refer to this factor as flocculin.
Ultrafiltration of the whirlmix supernatant was performed with a membrane with a nominal cutoff of 100 kDa. Emulsifying activity, as determined by the interaction with hexadecane, was retained by the filter, which indicated the presence of a hydrophobic component.
As a following purification step, the 100-kDa retentate was treated with EtOH to a final concentration of 50% EtOH.
Analysis of the supernatant and precipitate fractions after EtOH treatment, using SDS-PAGE, showed that a large number of high-molecular-weight components precipitated during this treatment (data not shown). However, all emulsifying activity remained in solution. After evaporation of EtOH, the extract was lyophilized and designated crude flocculin. By using an electron microscopic replica technique, we tested the presence of fimbrialike structures in the crude flocculin preparation. In contrast to the large number of "fimbriae" present in the hydrophobic whirlmix supernatant (21) , no fimbriae were found in the crude flocculin preparation, suggesting that either the flocculin is not identical to the fimbriae or fimbrialike structures have disintegrated in 50% EtOH. Purification of the flocculin by gel filtration. Gel permeation chromatography of the crude flocculin, using a Superdex 200 HR column, yielded one peak corresponding to a high-molecular-weight fraction with an apparent molecular weight of >2,000 and some low-molecular-weight fractions. Flocculin activity (see Table 2 ) as well as hydrophobicity were only found for the high-molecular-weight fraction. The total yield of purified flocculin from 1 liter of flocculent cells appeared to be 100 jig of protein.
Characterization of flocculin by gel electrophoresis. SDS-PAGE of the crude as well as the purified flocculin from flocculent MPY1 cells revealed one major band with an apparent molecular mass of over 300 kDa (Fig. 1, lane B cells (21) . The total amount of flocculin isolated from cells incubated in the presence of mannose was found to be strongly reduced (Fig. 1, lane C) . Likewise, a minor amount of flocculin could be isolated from nonflocculent MPY1 cells (Fig. 1, lane  D) . The flocculin appeared to be absent from whirlmix supernatants from both cells grown under Mg2+-limited conditions (Fig. 1, lane E) and nonflocculent MPY301 cells (Fig. 1, lane  F) . Taken together, these results demonstrate that flocculin can be isolated only from "fimbriated," flocculent yeast cells with an increased CSH, whirlmixed in the absence of mannose during the isolation procedure. This suggests that the flocculin is associated with the fimbrialike structures. In addition, it can be hypothesized that the flocculin is the component responsible for the increased level of CSH of the cells.
N-terminal sequence analysis of flocculin. The results of the amino acid sequence analysis of the N terminus of purified flocculin are given in Fig. 2 . Of the 16 amino acids sequenced, the amino acids in positions 1 and 10 could not be identified due to a residual background of contaminating free amino acids. The first 24 amino acids at the N terminus of the FLO1 gene product most likely represent a signal sequence, whereas the sequence of the native protein presumably starts at position 25 (23) . Judged from the 14 amino acids obtained from the N-terminal sequence of the flocculin, a sequence identity of at least 69% was found with the FLO1 gene product (Fig. 2) . This result strongly suggests that the purified flocculin is encoded by a flocculation gene homologous to FLOL.
Amino acid composition of flocculin. The amino acid com- aFlocculin was added to the flocculation buffer prior to incubation. Sugars were added to the buffer after whirlmixing of the cells to a final concentration of 50 mM.
position of purified flocculin is given in Table 1 . The overall amino acid composition of the flocculin isolated from brewer's yeast is similar but not identical to the composition deduced from the FLO] gene isolated from laboratory strains. Like the FLO1 protein, the flocculin contains a high percentage of serine and threonine residues (about 40%). These residues are potential 0-glycosylation sites. The presence of N-glycosylation cannot be deduced from an amino acid composition, but the putative FLO1 protein contains several potential N-glycosylation sites (23, 27) . Consequently, it is suggested that the flocculin likely is a highly glycosylated protein.
Sugar analysis. Sugar analysis of the purified flocculin preparation revealed the presence of 63.5% sugar. Mannose, glucose, and (N-acetyl)glucosamine were found in a molar ratio of 60:27:1. Furthermore, the activity of the protein was found to be heat resistant. These results are consistent with the hypothesis that the flocculin represents a glycosylated protein.
Flocculin involved in flocculation of brewer's yeast. The addition of purified flocculin during incubation of flocculent cells in the flocculation assay strongly stimulated the flocculation of cells ( Table 2) . Stimulation of flocculation was found to be specifically sensitive to mannose. The presence of flocculin during incubation of nonflocculent cells did not render the cells flocculent. Therefore, it is concluded that not only is the nonflocculent character of yeast cells caused by reduced CSH but also these cells most likely lack lectin and/or lectin ligands on the cell surface. In this context, it may be significant that the flocculin did not show lectinlike activity in a yeast agglutination assay. Nonflocculent yeast cells were not agglutination agglutinated by the flocculin (crude or purified), in contrast to the agglutination observed in the presence of the mannose-specific lectin concanavalin A (mean titer of 64/128 [n = 2]). (23, 27) , which is a significantly lower value than that found for the flocculin (more than 300 kDa). Covalent attachment of the protein and carbohydrate components has yet to be tested. Since, however, the purified flocculin preparation contains 63.5% sugar, it is hypothesized that the flocculin is a glycosylated protein. Aggregation of the flocculin during gel filtration may be due to hydrophobic interactions.
DISCUSSION
Recently, we hypothesized that a hydrophobic factor in the whirlmix supernatant from flocculent cells is associated with or identical to fimbrialike structures on the surface of the yeast cell (20) . Although the flocculin isolated from a hydrophobic whirlmix supematant containing fimbrialike structures was found to be hydrophobic, fimbrialike structures could not be detected in the crude flocculin preparation. This result suggests that the flocculin is associated with the fimbrialike structures but does not form part of them. On the other hand, it can be hypothesized that these structures consist of flocculin molecules but that, due to the use of EtOH during the isolation procedure, the structures have disintegrated. The presence of EtOH-soluble fimbrialike structures on the cell surface of S. cerevisiae cells has been reported previously (14, 26) . Removal of "hairs" from a flocculent yeast strain by shearing forces or by sodium hydroxide treatment rendered these cells nonflocculent, indicating that these surface structures are involved in flocculation (13) . However, the molecular basis of these observations has not been elucidated, although high-and lowmolecular-weight mannoproteins have been suggested to be components of the fimbriae (26) . These data support the hypothesis that the flocculin forms part of the fimbrialike structures.
Role of flocculin in flocculation. Structural proteins involved in flocculation may be lectins, lectin ligands, or molecules facilitating cell-to-cell contact by, for instance, hydrophobic interactions. Van (21) but also strongly reduces the total amount of flocculin that can be isolated (Fig. 1, lane C) . The last observation can be explained as follows. Binding of the flocculin by a putative lectin causes cross-linking of fimbriae which subsequently are removed by whirlmixing, thereby enabling isolation of the flocculin. The presence of mannose in the assay inhibits lectin ligand binding, resulting in maintenance of individual fimbria which cannot be removed by whirlmixing and the inability to isolate flocculin. However, it has been VOL. 60, 1994 on July 6, 2017 by guest http://aem.asm.org/ suggested that ligands for the putative yeast lectin are present and available for binding on the cell surface of both nonflocculent and flocculent yeast cells, similar to ligands for concanavalin A (17) . Therefore, the flocculin could represent an additional receptor molecule for the putative lectin, of which expression and availability for binding on the cell surface of brewer's yeast cells are necessary for flocculence. The tendency of the flocculin to aggregate may facilitate cell-to-cell contact. It should be noted that the flocculin most probably is different from the emulsifying component, isolated from MPY1 cells by shearing (13) . This component passed through a 100-kDacutoff membrane after heat treatment and was able to aggregate nonflocculent cells.
In summary, this paper describes the purification and partial characterization of a flocculin from S. cerevisiae brewer's yeast. Our results suggest that regulation of flocculation depends on expression of the gene encoding this flocculin, which is most likely homologous to the flocculation gene FLO]. Structural flocculation genes may encode not only lectin molecules involved in flocculation, as suggested by Stratford (16) , but also flocculation receptors.
The purified flocculin as well as the putative lectin (22) 
